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INTRODUCTION 
The plan to increase the life cycle of nuclear power stations opens up a new field of 
investigation for methods of characterizing materials. One of the main problems 
encountered by the operator is knowing how to evaluate the remaining useful life of 
components in its generating unit to prevent critical parts from suddenly breaking in 
service [1]. The aim is to end up with indicators of the degree of damage suffered by metal 
structures using nondestructive measurement tests whose effectiveness will have been 
proved in an industrial environment. 
Other authors have used different nondestructive techniques to highlight variations in 
the microstructure and stress distribution of metallic materials either under laboratory 
conditions or in an industrial environment [2-4]. In this article, we will look at the results 
obtained using acoustic microscopy with a view to evaluating the degree of neutron 
irradiation damage on stainless steel components. Once we had proved the feasibility of 
using this technique in industry, we tried to find a correlation between the changes in a 
measured acoustic parameter and the state of progressive damage of the material identified 
by metallurgical examination. 
We will show that two acoustic parameters, velocity and attenuation, can be 
determined once the acoustic signature has been processed and that they are dependent on 
the ultrasonic frequency. Correlations were found between the results obtained by acoustic 
microscopy and those obtained by metallurgical examinations, taking into account the 
fluences of neutrons integrated by the tested specimens. 
MONITORING THE AGING OF MATERIALS IN NUCLEAR POWER STATIONS 
Certain elements of the primary circuit of a nuclear power station are exposed to 
corrosion, mechanical fatigue, thermal stress, and neutron flux. These phenomena induce 
variations in the mechanical properties (yield stress, embritdement) and corrosion resistance 
of metallic materials [5-8]. The fact that these phenomena all act on the components at the 
same time complicates the search for a correlation between a change in a measured 
parameter and the state of overall progressive damage of the material. 
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In addition, the evaluation of performances of new testing methods to cope with this 
difficult environment is generally hindered by the small quantity of specimens available, 
the difficulty involved in handling them, and the uncertainty surrounding the initial state of 
the material for which no reference measurements were made before the reactor was put 
into service. 
This work essentially consisted in using acoustic methods to monitor the evolution in 
microstructural and elastic properties of metallic materials under irradiation. The 
characterization tests by acoustic microscopy were performed on different screws made of 
cold worked 3I6L stainless steel, located in the partitioning between the fuel elements and 
the inner reactor vessel wall, and on a control rod made of 304L stainless steel. 
OTHER AVAILABLE TEST AND ANALYSIS METHODS 
Of all the methods currently used to detect the changes in steel microstructure, we will 
only mention those that help in interpreting the results obtained by acoustic microscopy: 
1. Low angle X-ray and neutron diffusion. The high radioactivity of the samples makes it 
difficult to use microprobes to find elements that may have caused the cracking observed on 
the break surfaces and the boundaries of alloy grains. 
2. Variation in velocity and attenuation of "low frequency" ultrasound (frequency range "" 
1-100 MHz). While low frequency ultrasound techniques have often given interesting 
results at the macroscopic level, it is more difficult to obtain data using these methods on 
the microscopic level and at a scale of a few grains. 
3. Surface hardness measurements. Despite the dispersion observed between the various 
hardness of different samples, it would appear that the hardness gradients measured are 
almost certainly related to the different levels of damage caused by neutron irradiation. 
4. Scanning electron microscopy showed, for example, that the cracking observed is 
intergranular. No cross-granular cracking zones could be detected which would lead us to 
think that a purely fatigue-related phenomenon was the cause of the degradation of the parts 
used. 
5. Transmission electron microscopy showed that it was very unlikely to encounter the 
precipitation of carbides or embrittling intermetallic phases in the samples studied. It is 
probable that the irradiation induces a change in the chemical composition of the material 
around the grain boundaries. Generally speaking, there was an increase in the silicon, 
nickel, and phosphorus content as well as a reduction in the chromium and iron content. 
The effect of these changes in chemical composition on the material's corrosion resistance 
in the primary environment is still widely debated. Given the conditions for the irradiation 
of the screws in the pressurized water reactors, the only structural change that seems likely 
to occur in service is the formation of microcavities and dislocation loops. The formation 
of microcavities could cause the material to expand, but this expansion will not amount to 
more than 0.3% at the end of the element's useful life. 
6. Longitudinal gamma spectroscopy. This characterization method returns information 
concerning the level of neutron fluence absorbed by the samples. It is this parameter that 
we will associate with the results obtained by acoustic microscopy. 
It should be noted that most of these techniques are used to detect macroscopic defects 
in the field of metallurgical examinations or conventional nondestructive testing. 
Monitoring damage often results in the optimization of these same methods to significantly 
improve their performance with the aim of being able to highlight the telltale signs that are 
the precursors to the appearance of macrodefects. 
All these methods are complementary, but no single one is sufficient to be able to 
monitor changes in the damage since they are often difficult, if not impossible, to 
implement in situ. Here we are proposing a new method of high frequency acoustic 
investigation to characterize the degree of damage, concentrating in particular on the 
irradiated screws in the reactor core and the rod cluster control assembly. 
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Schematic diagram of the acoustic microscope. 
THE PRINCIPLE OF ACOUSTIC MICROSCOPY MEASUREMENT 
An acoustic microscope is composed of a focused acoustic probe with the structure and 
operating principles described in Figure 1. 
The ultrasound generator is basically a piezoelectric transducer which converts the 
electrical excitation signal delivered by a high-frequency tone burst emitter into elastic 
ultrasound waves. These sound waves are focused onto the surface ofthe material to be 
tested through an acoustic lens. The acoustic link between the lens and the sample is made 
by immersing everything in water. 
To take these measurements, the acoustic probe operates in reflection mode. The 
elastic waves reflected off the surface of the material are phase and amplitude modulated 
before being collected by the focusing lens. The piezoelectric transducer converts them 
into an electrical signal which is amplified and digitized before being processed by a 
microcomputer. 
The acoustic microscope can be used in two ways: either using image formation or the 
acoustic signature. 
In image formation mode, data is acquired at a constant height. The contrasts obtained 
are representative of the overall acoustic reflectivity of the material. 
The acoustic signature is defined as the interference between two types of wave (as 
shown in Figure 1): wave A, whose trajectory is not disrupted by the lens; and wave B, 
which propagates slightly at the material/liquid interface. As the acoustic lens is moved 
away from the surface of the material, the measurement of the periodicity !1Z of the 
interference between these two wave modes makes it possible to calculate the velocity of 
propagation of surface waves, and thus induce the local mechanical characteristics of the 
material (the modulus of elasticity). It can be expressed in the following way [9]: 
(1) 
where V R is the Rayleigh wave velocity in the material; Vliq is the wave velocity in the 
coupling medium (water); F is the frequency and!1Z the period of the interferences. 
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The amplitude of the signal V(z) has been modeled by Sheppard and Wilson [10]. On 
solid materials it has the following expression: 
V(z)= J:"'''p2(S) R(S) exp[2jkoz cos S] sinS cosSdS (2) 
where Smax is the half angle of the lens aperture, P(S) is the diaphragm function, R(S) is the 
reflective power of the material examined and, as a consequence of its structure, Z is the 
degree of defocusing of the sensor compared with the focal plane. 
Measuring Bench 
Measurements were made at the EDF's SCMI in Chinon in a " hot cell" specially 
designed for receiving highly radioactive materials. 
We designed a special prototype acoustic microscope with remote control. The 
mechanical, acoustic, and electrical assemblies had to be produced taking into account the 
specific limitations involved in placing the samples, the acoustic measuring head, and the 
mechanical movement device in the hot cell. This part of the apparatus is very compact so 
that it can be introduced into the cell through the small air lock. The measuring head is 
easily manipulated using telescopic arms and pliers and certain parts of the assembly can 
thus be changed from a distance. The data acquisition and processing electronics are 
located outside the measuring cell, a few meters from the measuring head. This part had to 
be modular in design so that it could be carried around from site to site. It also had to be 
possible to set this unit up quickly so as to keep to a minimum the overall time the cells are 
used. Lastly, the whole assembly had to be reliable enough to be used in an industrial 
laboratory . 
EXAMPLES OF RESULTS OBTAINED 
Frequency Study 
A preliminary study was made in the laboratory on non-irradiated samples to define the 
optimal working frequency of the acoustic microscope for this family of materials. The 
tests done at 600, 140 and 50 MHz showed that only the acoustic signatures obtained at 
50 MHz were readable and gave, after being processed using the Fourier transform, 
velocities expected from Rayleigh waves (Figure 2a). On the other hand, at higher 
frequencies there was significant attenuation due to the diffraction of the waves in the 
material, since the steel grain size is the same order of magnitude as the observation 
wavelength. 
The initial tests carried out at 50MHz and 30MHz on the irradiated screws showed the 
need to reduce the frequency to 15 MHz to obtain a usable acoustic signature (Figure 2b). 
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Figure 2. Examples of acoustic signatures V(z) at 50 MHz obtained on 316L screws: 
(2a) non-irradiated specimen, (2b) irradiated specimen. 
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Results Obtained on Partition Screws of a Nuclear Power Station Core 
Measurements were recorded for two samples taken from a screw extracted from the 
baffle assembly of a reactor pressure vessel, comparable to the non-irradiated sample. 
From the three curves obtained (using the average of the 50 measurements made for each 
sample) and after subtracting the apparatus function, we were able to make the following 
observations (see Figure 3): 
Firstly, the measurement of one period shows a noticeable slowing in the speed of 
Rayleigh wave propagation as a function of fluence. 
Secondly, the resultant signals are significantly more damped on the irradiated samples 
than on the unaltered reference screws. This shows that the energy of the elastic waves on 
the surface of the heavily irradiated samples is much more dispersed than on the reference 
material. This observation is consistent with metallurgical analysis which showed a 
considerable increase in the number of dislocations associated with the dose received, 
which then logically results in a significant disturbance in the propagation of the ultrasound 
waves [11). 
We note that the attenuation ofthe Rayleigh waves was greater on the shank: than on 
the torquing head (even though this received a lower dose). This may be explained by the 
fact that the sample taken from the shank: had been subjected to greater mechanical stress 
than the head samples. The acoustic microscope cannot currently distinguish between these 
two kinds of damage. 
To evaluate the "sensitivity to neutron embrittlement" of the parameters measured 
using the acoustic microscope, we looked for a sample that had been subjected to a fluence 
gradient independently of other types of stress. This approach led us to use control rods, 
whose analysis is described below. 
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Figure 3. Acoustic signature V(z), after subtracting the apparatus function, obtained on 
316L stainless screws used to fasten the reactor vessel baffle assembly, in PWR nuclear 
power plants. 
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Results Obtained Usin2 Control Rods 
Samples of tubing taken from different levels of the same control rod made it possible 
to calibrate the measurement method, and we successively examined the velocity and 
amplitude of the ultrasound Rayleigh waves. 
Figure 4 shows that the wave propagation velocity decreases significantly as the 
amount of irradiation received locally by the sample increases. We know that the Young E 
modulus is related to the speed of Rayleigh wave propagation and that, in an initial 
approximation, E decreases by around 2% when Rayleigh speed decreases by 60 mls [12]. 
Each measurement point corresponds to an average of 50 acoustic signatures, which 
gives standard deviations of 6 mls for speed and 1 dBlcm for attenuation. 
Moreover, the attenuation caused by the diffusion of elastic waves in the material is the 
most meaningful parameter for calibrating measurements. It is generally considered that 
the attenuation of the Rayleigh waves may be caused by the coupling liquid, by the intrinsic 
absorption capacity of the steel, by the roughness of the surface, and by the structure of the 
material. In our experiment, only this last phenomenon was taken into account where the 
acoustic signature measurements were made using the same material and with the same 
working frequency. 
Variations in acoustic absorption then appear to be consistent with the increase in the 
rate of microcracking highlighted by examination under the electron microscope. and which 
are, moreover, associated with a change in the chemical properties of the grain boundaries 
identified under a transmission electron microscope. 
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Figure 4. Rayleigh wave velocity and attenuation as a function of neutron irradiation, 
measured at four different levels on the same control rod (304L stainless steel). 
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CONCLUSION 
To the best of our knowledge, no acoustic microscope has ever been operated in a 
hostile environment such as is found in nuclear power station cores. By scrupulously 
respecting the limitations imposed by operation on an industrial site, we were able to adapt 
our instrumentation and the laboratory working procedures to the in situ conditions. This 
then enabled us to prove the possibility of transferring the sophisticated acoustic 
microscope method to a harsh industrial environment. 
While interpreting the acoustic signature was complicated by the many different causes 
of damage (irradiation, corrosion, mechanical and thermal stress), the results obtained on 
various samples of irradiated steel nevertheless showed the reliability and reproducibility of 
acoustic measurement in these very specific operating conditions. We established that 
certain ultrasonic parameters are related to the degree of irradiation damage, and calibration 
was done on real components taken from the core of a 900 MWe PWR. 
The correlation between the results obtained by various analysis methods and those 
returned by acoustic microscopy showed that the acoustic absorption related to changes in 
the material's structure as a function of irradiation was the overriding parameter to be taken 
into account. 
However, a number of theoretical aspects that could not be verified experimentally in 
this preliminary study will require further study. Thus, the planned analysis of the samples 
using acoustic imaging and "high frequency" acoustic signatures will make it possible to 
improve our knowledge of the phenomenon and validate some of the hypotheses 
formulated. 
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